Septins form a subfamily of highly related GTP-binding proteins conserved from eukaryotic protists to mammals. In most cases, septins function in close association with cell membranes and the actin and microtubule cytoskeleton to regulate a wide variety of key cellular processes. Further underscoring their importance, septin abnormalities are associated with several human diseases. Remarkably, septins have the ability to polymerize into assemblies of different sizes in vitro and in vivo. In cells, these structures act in the formation of diffusion barriers and scaffolds that maintain subcellular polarity. Here, we focus on the emerging roles of vertebrate septins in ciliogenesis, neurogenesis, tumorigenesis and host-pathogen interactions, and discuss whether unifying themes underlie the molecular function of septins in health and disease.
Introduction
cells contain a complex mixture of macromolecules. How order is established and maintained in cells remains a tantalizing question. a central strategy of eukaryotes seems to be the compartmentalization of cellular spaces-for example, through membrane encapsulation of organelles. two additional layers of compartmentalization have become evident over the years. Scaffolding platforms, such as centrioles, provide a recruitment surface for the localized integration of signalling processes and anchorage of cytoskeletal structures. Lateral diffusion barriers, on the other hand, promote the compartmentalization of the plane of membranes into distinct domains. these barriers slow down the diffusion of membraneassociated molecules over boundaries and also act as scaffolding platforms. increasing evidence suggests that such barriers are highly conserved among organisms, and are involved in the function of numerous cellular structures and appendages.
at the molecular level, a class of p-loop gtpase proteins-the septins-has been recurrently associated with lateral diffusion barriers. With the exception of land plants, septin genes are found in all eukaryotes. a group of related genes-the para septins-are also found in prokaryotes. the number of septin genes varies greatly between organisms: Homo sapiens has 13, the nematode Caenorhabditis elegans has only two and the budding yeast Saccharomyces cerevisiae has seven. Further complexity is added in many organisms by alternative splicing (cao et al, 2007; pan et al, 2007) . Septins show a marked ability to oligomerize into heterocomplexes, which in turn polymerize into large assemblies composed of paired septin filaments (Bertin et al, 2008; DeMay et al, 2011; Sellin et al, 2011; Sirajuddin et al, 2007) . On the basis of sequence homology, the 13 human septins can be divided into four subgroups (table 1; Kinoshita, 2003) . in cells, they form stable 6-8-subunit complexes containing members of at least three subgroups (ii, Vi and Vii), with the 8-subunit complexes being marked by the presence of subgroup iii septins (table 1; Sellin et al, 2011) . at least in yeast, the ability to from filaments is crucial for the function of septins (McMurray et al, 2011) . unlike actin filaments and microtubules, however, neither the septin complexes nor septin filaments are polar (Sirajuddin et al, 2007; John et al, 2007) .
in cells, higher-order septin ring-like structures are found at the base of cilia, flagella, dendritic spines and yeast buds, where they associate tightly with the plasma membrane and recruit other molecules (the 'septin ring' paradigm, shown in Fig 1) . thereby septins mediate the formation of a lateral diffusion barrier in the membrane with which they have contact, and compartmentalize the membrane into two domains. the septin rings also act as cortical organizers for the actin and microtubule cytoskeleton. in yeast, the septin ring can exist in a 'frozen' state, in which subunits do not exchange, and in a 'fluid' state, in which subunits are rapidly exchanged (Dobbelaere et al 2003; caviston et al, 2003) . However, recent fluorescence intensity measurements suggested that septins are constantly, but slowly, recruited to the ring, until the ring splits (chen et al, 2011) . During bud growth and cytokinesis, the septin ring is in its frozen state, transiting through the fluid state only briefly during ring formation and splitting. During ring splitting, the filaments reorient 90° in a switch-like manner from parallel to perpendicular relative to the mother-bud axis (Vrabioiu & Mitchison, 2006; DeMay et al, 2011) . However, the dynamics and orientation of septins in metazoan rings are not known (Fig 1c) .
this septin-ring-dependent mechanism of cellular compartmentalization was first described in yeast (Barral et al, 2000; takizawa et al, 2000) . the more recent finding that septin-dependent cellular compartmentalization has important roles in the structure and function of cilia, flagella and dendritic spines in metazoans might explain why septin abnormalities are linked to a variety of diseases, such as alzheimer and parkinson, schizophrenia, cancer, infertility and pathogen infection (connolly et al, 2011b; Mostowy & cossart, 2011; toure et al, 2011; peterson & petty, 2010; Hall & russell, reviews re vie w 2004). Several recent reviews give a comprehensive view on septin biology and the structural and biochemical aspects of septin complexes (cao et al, 2009; caudron & Barral, 2009; gilden & Krummel, 2010; gladfelter, 2010; McMurray & thorner, 2009; Spiliotis, 2010; Weirich et al, 2008) . Here, we focus our attention on the emerging roles of animal septins and their adaptation to novel functions during the evolution of multicellularity.
Septins in the formation and maintenance of cilia
One of the best examples of how the septin ring paradigm (Fig 1) is conserved in higher eukaryotes comes from cilia, at the base of which septins form a ring-like structure. cilia and flagella (here after referred to as 'cilia') are ancient organelles involved in generating movement and in sensing and transducing extracellular signals such as morphogens, odours, light and mechanical stress into the cell (Berbari et al, 2009) . their core structure, called an 'axoneme', is composed of nine cylindrically arranged microtubule pairs (9 + 0 in primary cilia), accompanied by one central microtubule pair in motile cilia (9 + 2). this axoneme arises from the distal end of the mother centriole, known as the 'basal body' (Figs 1a, 2a) . During ciliogenesis, golgi-derived vesicles are targeted to the distal pole of the basal body to form the ciliary membrane, which is anchored to the basal body by a set of microtubules called the transition fibres (rohatgi & Snell, 2010; Sorokin, 1962) . the elongation of cilia occurs through iFt-mediated delivery of structural subunits to the tip of the axoneme. this growth eventually leads to the fusion of the ciliary membrane with the plasma membrane and the emergence of the cilium from the surface of the cell (rohatgi & Snell, 2010) .
although continuous with the plasma membrane, the ciliary membrane is insulated from it, with a distinct molecular composition adapted to its functions. interestingly, septins assemble in a ring-like array at the base of both the motile cilia of frog embryos (Kim et al, 2010) and the primary cilia of mammalian cells (Hu et al, 2010) . in Kissel et al, 2005; Steels et al, 2007; caudron & Barral, 2009) . How is the ciliary membrane insulated from the plasma membrane? Frap assays of ciliary membrane proteins showed that although the proteins diffuse freely within the ciliary compartment, they do not display fluorescence recovery when the entire ciliary pool is bleached (Hu et al, 2010) . thus, their exchange with the rest of the plasma membrane is restricted at the base of the cilium. By contrast, non-membrane proteins exchange rapidly between the cilium and the cell. remarkably, disruption of the septin ring at the base of the cilium by rNai markedly increases the diffusional mobility of the ciliary membrane proteins between the cilium and the remainder of the plasma membrane (Hu et al, 2010) . these data indicate that the septin ring at the base of cilia might mediate the formation of a lateral diffusion barrier that insulates the inner leaflet of the ciliary membrane from the plasma membrane. Notably, proteins mutated in nephronophthisis and Meckel syndrome localize to the base of cilia in a similar way to septins, where they link the axoneme to the ciliary membrane and might also have a barri er function (Williams et al, 2011) . Furthermore, lipids are more condensed at the base of the cilium than in the apical part or in the surrounding plasma membrane (Vieira et al, 2006) . thus, accumulation of specific lipids and other proteins are likely to function together with septins in barrier formation.
are the septin-dependent diffusion barriers impermeable, or do they only slow down the kinetics of molecule exchange between compartments? For the diffusion barriers in yeast, the latter is probably closer to reality (Valdez-taubas & pelham, 2003; Luedeke et al, 2005) . if septin filament assembly is actually required for barrier formation in cilia as in yeast, the orientation and/or dynamics of these filaments are likely to determine the tightness of the barrier. How can the ciliary diffusion barrier be selective to allow some membrane proteins to enter whereas others are excluded? if the diffusion barrier allows some 'leaky' diffusion, this might promote proteins that are able to transiently interact with septins (or septin-associated molecules) to enter the cilium. this process might also be aided by the iFt machinery. By contrast, if septins form a tight barrier, import of membrane proteins would depend solely on vesicle delivery Sirajuddin et al, 2007) . The proposed membrane-binding interface (polybasic region; Zhang et al, 1999 ) is shown in red and the arrows denote the NC-and G-oligomerization interfaces. When assembled into rings, these oligomers probably form filaments, but the orientation of filaments in metazoan septin rings is unknown. Images in panels B and C are reproduced with permission from the relevant publishers. SEPT, septin. 
Septin ring Microtubule
Metazoans ▶ reviews re vie w (Fig 2a) . Some proteins containing a pDz-binding motif-such as podocalyxin-might also be retained outside the cilium through interactions with an apical protein network composed of NHEFr, ErM proteins and actin (Francis et al, 2011) . thus, keeping some proteins in and excluding others from the cilium might in some cases be two distinct processes. collectively, these data indicate that a lateral diffusion barrier formed by a scaffold of proteins (including septins) and possibly highly ordered lipids, controls the movement of membrane-bound material in and out of cilia. How the barrier works in terms of establishment, plasticity and selectivity remains to be determined. is septin function in ciliogenesis restricted to the formation of a diffusion barrier? the reduced number of cilia in SEpt2-depleted cells might be due to the dissolution of the cilia in the absence of a barrier, although this phenotype might also reflect the additional roles of septins during early ciliogenesis. Septins might direct the delivery and anchorage of vesicles to the basal body and/or inhibit their docking to the plasma membrane, as in neuronal synapses (yang et al, 2010) . it is unknown how vesicles initially reach the basal body and how subsequent vesicles are tethered to and fused with the ciliary membrane. SEpt2, which has a role in the transport of golgi vesicles to the apical surface of epithelial cells (Spiliotis et al, 2008) , might be involved in this process. importantly, mammalian septins interact with and regulate the exocyst complex by directing it to the correct location and by regulating membrane fusion (Estey et al, 2010; amin et al, 2008; Beites et al, 1999 Beites et al, , 2005 . Furthermore, the exocyst pathway contributes to the function of the pcp pathway during ciliogenesis, as the pcp protein Dishevelled mediates recruitment of Sec8-positive vesicles to the basal body (park et al, 2008) . these observations are particularly suggestive, because it was shown that SEpt2/7 depletion phenocopies the knockdown effect of the pcp component Fritz during Xenopus gastrulation and ciliogenesis (Kim et al, 2010) . remarkably, Fritz interacts with septin and Fritz controls the proper localization of septins during ciliogenesis. thus, in addition to forming a diffusion barrier, septins might function in vesicle transport and the formation of the ciliary membrane, together with the exocyst and the pcp pathway (Fig 2a) .
Septins are also good candidates to organize spatially the regulation of the BBSome, a protein complex linked to the Bardet-Biedl syndrome, which functions in the sorting and docking of vesicles to the base of the cilium, together with rab8, rab11 and rabin8 (Knodler et al, 2010; Nachury et al, 2007) . Localization of the BBSome to the membrane depends on BBS3, also known as the arf gtpase arl6 , which localizes to the base of the cilium in a ring-like array similar to septins (Wiens et al, 2010) . Since mutations in Fritz (Kim et al, 2010) , it is tempting to speculate that a molecular pathway links pcp, septins and the BBSome in the regulation of ciliogenesis and ciliary transport.
Finally, septins might contribute to the regulation of microtubule function during ciliogenesis. First, septins localize partly to the ciliary shaft (Hu et al, 2010; Kim et al, 2010) , where they might regulate microtubule dynamics and vesicle transport. a recent study showed that, during epithelial polarization, septin scaffolds guide the growth and direction of microtubules by suppressing their disassembly (Bowen et al, 2011) . previous studies have also established that septins regulate microtubule stability through association with Map4, microtubule acetylation and binding to polyglutamated microtubules (Fig 3a; Kremer et al, 2005; Nagata et al, 2003; Spiliotis et al, 2005 Spiliotis et al, , 2008 Spiliotis, 2010; Surka et al, 2002) . Most intriguingly, however, the unique localization of septins to the base of the cilium makes them prime candidates for membrane attachment of the transition fibres. this possibility is attractive because budding yeast septins also contribute to the capture of astral microtubules to the plasma membrane (Kusch et al, 2002) , and thereby to the proper localization of the centrosome and basal-body-equivalent to the bud neck (Figs 1a,2a) . this interaction is mediated by Map Kar9, which is at least functionally related to metazoan adenomatous polyposis coli (apc). remarkably, deletion of apc in the renal epithelia of mice results in polycystic kidneys, a common consequence of cilia dysfunction (Qian et al, 2005) . it will be interesting to test whether septins control microtubule organization in cilia.
Septins in the central nervous system
another prime example in which a septin ring might function in cell compartmentalization comes from neurons. Many septins are abundantly expressed in the cNS where they display celltype-specific expression patterns (tada et al, 2007; Buser et al, 2009) and are associated with diverse neuropathological conditions (table 1). Many septins localize in ring-like assemblies at the base of dendritic spines and to dendritic branch points of hippocampal neurons. Knockdown of SEpt7 or SEpt11 reduces dendritic branching and spine density, whereas SEpt7 overexpression has the opposite effect (cho et al, 2011; Li et al, 2009; tada et al, 2007; Xie et al, 2007) . Dendritic spines are small protrusions (A) Septins localize to microtubules and might influence them in different ways: (1) guide microtubule growth and prevent their disassembly; (2) influence microtubule acetylation; (3) bind to polyglutamated microtubules; (4) act as scaffolds to recruit other proteins to microtubules; (5) regulate the motility of microtubule-driven motors such as CENP-E and influence vesicle transport along microtubules; and (6) interact with MAPs to control the dynamics and identity of microtubules. (B) In mammalian cells, some septins localize to actomyosin structures, including stress fibres, contractile rings and around actomyosin-covered intracellular bacteria. Septins are recruited to stress fibres by binding to NM2, and this interaction might be enhanced by different factors such as TNFα. Septins recruit ROCK and CRIK to promote MLC phosphorylation and actomyosin contractility, and can possibly recruit formins to promote actomyosin assembly. Images in panels A and B are reproduced with permission from the relevant publishers. CENP-E, centromere-associated protein E; CRIK, citron kinase; MAP, microtubule-associated protein; MLC, myosin light chain kinase; NM2, type II non-muscle myosin; TNFα, tumour necrosis factor α; ROCK, Rho kinase. 
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▶ reviews re vie w on dendrites that function in processing and storing information. although thousands of spines reside on the same dendrite, each of them functions independently from the others, indicating that each spine is functionally insulated. this insulation occurs partly at the spine neck, which restricts exchange of molecules between the spine head and the dendrite (ashby et al, 2006; Bloodgood & Sabatini, 2005) . analogously to cilia, septins localize to the base of spines (Figs 1B,2B) . However, whether septins affect the diffusion dynamics of membrane proteins in and out of spines is unknown. individualization of spines contributes to memory formation and thereby septin defects might have an impact on this process. SEpt7 expression increases during formation of spatial memory in mice, which supports this idea (Engmann et al, 2011) . together, these data indicate an evolutionarily conserved function of the septin ring in individualizing subcellular structures.
as in the cilium and the yeast bud neck, the function of septins in the dendrites is probably not restricted to barrier formation, but might extend to the modulation of actin and microtubule organization. For example, the septin interaction partner myosin NM2 is required for proper morphogenesis of the spine neck and head (ryu et al, 2006; Joo et al, 2007) . Microtubules are also found in some spines (Dent et al, 2011) . these events might be orchestrated by septins (Fig 2B) . Similarly, interactions between septins, acto myosin and microtubules might underlie the role of septins in dendritic branching and neuronal migration (Shinoda et al, 2010) .
Septins control several essential functions of neuronal cells in vitro, septin knockout mice show relatively mild phenotypes in cNS function. SEpt4 knockout mice have reduced dopaminergic transmission at the synapses of the striatonigral pathway and increased aggregation of α-synuclein, which are phenotypes associated with parkinson disease (ihara et al, 2007) . Knockout of SEpt6, SEpt5 or SEpt3 alone or of SEpt5 and SEpt3 together does not lead to any gross abnormalities in cNS morphology in mice (Fujishima et al, 2007; Ono et al, 2005; peng et al, 2002; tsang et al, 2008) . However, SEpt5 knockout mice behave abnormally (Suzuki et al, 2009) . together, these data indicate that the various septins have partly redundant roles in the cNS.
Septins and cell migration in cancer invasion
the septin ring paradigm might not always be well-suited to explain the reported functions of septins. changes in the expression levels of septins have been found repeatedly in different types of cancer (reviewed in connolly et al, 2011b; peterson & petty, 2010) . there are many ways by which septins could contribute to tumori genesis, ranging from their role in cell cycle progression (Spiliotis et al, 2005; Estey et al, 2010; peterson & petty, 2010) , to the DNa damage response (Kremer et al, 2007) and being MLL fusion partners in leukaemia (connolly et al, 2011b) . recently, considerable progress has been made in understanding the function of septins during cell motility and invasion-processes underlying cancer metastasis (gonzalez et al, 2007; Shankar et al, 2010) . indeed, changes in septin expression alter single and collective modes of cell migration (connolly et al, 2011a; Kim et al, 2010; Shankar et al, 2010; tooley et al, 2009) .
Orchestrated cellular movement depends on actin-polymerizationdriven or bleb-expansion-driven protrusions at the front of the cell, followed by contractility-driven retraction of its rear. the requirements for adhesion, contraction and protrusion vary largely, depending on the mode of migration (Lämmermann & Sixt, 2009). t cells, which migrate in an amoeboid-like manner, express multiple septinsSEpt2/4/6/7/8/9/11-which form a 'corset' around the rear of these cells. importantly, this rear, commonly known as the 'uropod', has a different molecular identity to the front of the cell. this asymmetry is partly driven by the enrichment of pi(4,5)p 2 , and pi(4,5)p 2 -binding proteins at the rear (Lokuta et al, 2007) , which might enhance plasma-membrane-actin linkage and prevent unwanted protrusions. it is possible that the septin corset promotes this asymmetry by restricting lipid diffusion between the front and rear of the cell.
interestingly, the polymerization of septin complexes into filaments and sheets is enhanced on the surface of lipid monolayers that contain pi(4,5)p 2 (Bertin et al, 2010) , and septins are also regulated by pi(4,5)p 2 in vivo. Septins and pi(4,5)p 2 localize together at the yeast bud neck (garrenton et al, 2010) and the furrow of dividing mammalian cells (Field et al, 2005) , and experimental conversion of pi(4,5)p 2 into pi(3,4,5)p 3 causes disassembly of the septin ring in yeast (Bertin et al, 2010; rodriguez-Escudero et al, 2005) . these data indicate that pi(4,5)p 2 might have a major role in recruiting and orchestrating the assembly of septin complexes and higher-order assemblies in cells, but how this occurs is not yet known.
remarkably, knockdown of the core structural unit of the t-cell corset, SEpt7, impairs cell migration but enhances cell invasion through narrow spaces. additionally, it induces plasma membrane blebbing, a phenotype also seen after SEpt7 depletion during Xenopus gastrulation (Kim et al, 2010) . Blebbing represents a protease-independent mode of 'amoeboid-type' cell motility that is used by leukocytes, invasive cancer cells and during developmental cell migration (Lämmermann & Sixt, 2009) . the septin corset, which provides rigidity to the plasma membrane, might help cells to maintain direction during migration by preventing protrusions at the uropod. consequently, loss of the septin corset might change the migratory behaviour of the cell by promoting blebbing, making the cell more elastic, and thus explaining why septin loss enhances the ability of cells to squeeze through narrow holes (tooley et al, 2009) . in favour of this model, SEpt2/11-depleted HeLa cells display reduced cortical elasticity as measured by aFM . this phenotype is mimicked by disruption of actin filaments, suggesting that submembranous septin assemblies impose similar rigidity to the plasma membrane as does the actin cytoskeleton. Furthermore, septins localize to submembranous actin filaments, and Frap studies have shown that septin turnover is decreased after stabilization of actin filaments (Hagiwara et al, 2011) . thus, septins might function in membrane-actin linkage and/or promote plasma membrane rigidity by themselves. in either case, subtle disturbances in septin expression might predispose cells to blebbing and promote invasive behaviour of cancer cells.
in addition to maintaining plasma membrane rigidity, septins might contribute to the actomyosin contractility of motile cells. the abnormally long tail of septin-depleted migrating t cells could reflect this. Septins associate with the actin cytoskeleton both in yeast and mammals (Norden et al, 2004; Surka et al, 2002) . in mammals, they associate with contractile actomyosin structures in non-muscle cells, both at the cleavage furrow and in stress fibres (Fig 3B; Joo et al, 2007; Kinoshita et al, 2002; Kremer et al, 2007; Mostowy et al, 2009; Surka et al, 2002) and also localize to focal adhesions where stress fibres are assembled (Bowen et al, 2011) . the association with actin occurs indirectly, through binding to anillin and/or NM2 ( Joo et al, 2007; Kinoshita et al, 2002) . anillin recruits septins to the actomyosin ring during cell reviews re vie w division, but resides in the nucleus during interphase (Oegema et al, 2000) . therefore, during cell motility, septins probably associate with actomyosin by binding to NM2 ( Joo et al, 2007) . although the function of septin-actomyosin interactions is incompletely understood, septins seem to act as a regulatory platform on contractile structures by recruiting myosin regulatory molecules such as rOcK and criK, to promote MLc phosphorylation and thereby contractility (Fig 3B; Joo et al, 2007) . Notably, in yeast, septins also contribute to the recruitment of formins (pruyne et al, 2004) , although it is not clear how or whether this is also the case in metazoans. Finally, some septins-such as SEpt10/11-seem to be highly expressed in muscle tissue (http://biogps.gnf.org/). thus, septins might have a more general role in actomyosin contractility than appreciated. all together, while the roles of septins in controlling cell motility are only starting to emerge, they are likely to involve the conserved functions in forming plasma-membraneapposed barriers and scaffolds, and regulation of actomyosin contractility. Future studies will have to determine whether these functions are coupled to each other, and whether changes in septin expression indeed promote metastasis.
An army of septins fighting infectious pathogens
Microorganisms hijack host-cell machineries for different aspects of their life cycle. Septins have a general role in phagocytic processes, which can either act as an entry mechanism for micro organisms to promote infection, or as a host-cell defence mechanism leading to the elimination of the microbe. phagocytosis is initiated when a 'professional' phagocyte-for example, a macrophage-encounters a microorganism. this leads to the sequential accumulation of phospho inositide lipids, reorganization of submembranous actin and bending of the plasma membrane to form a cup-like protrusion around the microorganism. the phagocytic cup eventually seals and internalizes the target particle. the pathogen is then either degraded or escapes into the cytosol (Flannagan et al, 2009 ). Many septins (including SEpt2/6/10/11) are highly expressed in expert phagocytic cells, and SEpt2/11 transiently localize to Fcgγ-receptor (Fcgγr)-dependent phagosomes of different cell types (Huang et al, 2008) . the appearance of septins is concomitant with pi(4,5) p 2 and F-actin accumulation at these sites, although septin inhibition reduces phagocytosis without any obvious effects on the actin cytoskeleton (Huang et al, 2008) . interestingly, SEpt2/9/11, also in 'non-professional' cells, concentrate beneath the attachment site of Listeria monocytogenes and Shigella flexneri bacteria, where they appear to form a ring-shaped collar and are important for bac terial entry (Mostowy et al, 2009) . Despite the importance of septins for Fcgγr-dependent phagocytosis and bacterial intake, their exact role remains unclear. a recent study in yeast showed that the septin ring assembled at the bud site maintains cell polarity by preventing cdc42 diffusion from this site (Orlando et al, 2011) . in a similar manner, during phagocytosis, septins might act to maintain local plasma membrane identity, possibly increasing membrane-cytoskeleton linkage and/or slowing down the dispersion of activated receptors and their targets to boost signalling and uptake.
Septins are also involved in later stages of Shigella and Listeria infection. Once internalized, Shigella and Listeria recruit the hostcell actin polymerization machinery to drive their intracellular and intercellular motility (gouin et al, 2005) . Surprisingly, intracellular bacteria with F-actin around them often display stable perpendicular filamentous rings, or 'cages', containing SEpt2/6/9/11 (Mostowy et al, 2010) . these cages are not present around Shigella cells that lack actin staining, indicating that actin recruitment is a prerequisite for septin cage assembly. Surprisingly, NM2 and phosphorylated MLc also localize around the internalized bacteria and are required for septin cage formation (Mostowy et al, 2010) . importantly, septin cages suppress actin tail formation and the intercellular spread of bacteria (Mostowy et al, 2010) . Moreover, they seem to represent an intermediate stage toward uptake and degradation of the bacterium by autophagy (Mostowy et al, 2010) . thus, septins function in determining the fate of internalized bacteria and as such are part of the host immune response. it is interesting to note that, by promoting autophagy, septins link cellular objects-such as actomyosin-surrounded bacteria-to membrane organization-such as formation of the phagophore-and compartmentalization of cellular space.
Conclusions and future perspectives
the recently identified roles for septins in higher eukaryotes have placed septin assemblies in structurally and functionally diverse subcellular structures; however, an increasing body of evidence suggests that the underlying molecular functions of septin assemblies are conserved across these processes from yeast to mammals. the assemblies act to spatially specify, recognize and individualize subcellular membranes and the structures associated with them. Furthermore, they form platforms that link membranes to actomyosin contractility and microtubule dynamics. the evolution to multicellularity seems to correlate with a more complex landscape of septins, septin complexes and the higher-order structures that they form. this plasticity has allowed septins to promote the formation and maintenance of a much wider panel of cellular appendages and ultrastructures, each with different dynamics. How septin function is modulated and adopted to the controlled formation of such a variety of structures, and how septins contribute to the function of these appendages, are important areas for future research (Sidebar a). acKNOWLEDgEMENtS this work was supported by a Federation of European Biochemical Societies (FEBS) Long term Fellowship to J.S., and an advanced European research council (Erc) grant to y.B. We thank Fabrice caudron, annina Denoth, Manuel Hotz and alexander rauch for comments on the manuscript and apologize to authors whose work we could not cite due to space limitations.
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Sidebar A | In need of answers (i) What are the factors that dictate when and where septin assemblies are generated? Do different septin complexes differ in function and if so, how? (ii) Do certain lipids and/or membrane curvature prime septin filament assembly and can septin assemblies generate and/or stabilize membrane curvature in cells? (iii) What roles do the ring-like septin assemblies have in cells and how are septins assembled in these rings (Fig 1C) ? How exactly do septin-dependent diffusion barriers function? (iv) What interfaces are used for septin-myosin and septin-tubulin interactions? Can septins crosslink the actin and/or microtubule cytoskeletons to membranes or are these interactions mutually exclusive?
